We study the phenomenology of the inverse seesaw mechanism in the scalar-Higgs portal dark matter model. The model is an extension of the Standard Model including two additional neutrinos, a singlet scalar and a fermionic dark matter. We consider the inverse seesaw mechanism where the mass of 2 additional neutrinos are made dynamics by the singlet scalar. We found that the natural scale for the scalar vacuum expectation value is naturally close to the weak scale. Motivating by this fact, we focus on the possibility of the singlet scalar connecting with dark matter, i.e., the scalar is also the mediator between dark sector and the Standard Model. We perform a numerical analysis over the parameter space subject to the indirect and direct detection constraints. The feasible region of the parameter space will be discussed.
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I. INTRODUCTION
The discovery of the Higgs boson in 2012, together with decades of electroweak precision tests, have been hailed as the remarkable success of the Standard Model (SM) of particle physics. However, the existence of neutrino masses and dark matter (DM) strongly suggests an extension beyond the Standard Model (BSM) which requires new degrees of freedom. The connection between these new physics is therefore simplistic yet tantalizing.
Seesaw mechanisms are considered the best explanation for the smallness of the neutrino mass. In the minimal realisation of the seesaw mechanism, a right handed neutrino is introduced to SM where the active left-handed neutrino gains its mass from its mixing with the righthanded neutrino. The mass can be obtained from the formula m ν = M where m D is the Dirac mass and M is the Majorana mass of the right-handed neutrino. In seesaw mechanism, the sub-eV mass neutrino requires M ∼ 10
16
GeV. This huge difference between the electroweak scale and the seesaw scale leads to a strong suppression for any potential phenomenological signals from accelerator experiments and astronomical observations. Although the minimal seesaw mechanism provides an interesting explanation for neutrino mass, it certainly lacks the testability and thus diminishing the chance for connecting the origin of neutrino mass and DM observables.
To bring the seesaw scale closer to the electroweak scale, one can employ the so-called inverse seesaw mechanism. Inspired by String/M theory, the SM is extended by 2 sterile neutrinos and an electroweak scalar singlet [1] . It has been shown that the small neutrino mass can be generated from new physics around TeV scale. The connection with DM within the inverse seesaw context has recently gained interest [2] [3] [4] [5] [6] . It is well known * chakpo@kku.ac.th † nakorn t@kkumail.com ‡ patipan@g.swu.ac.th that DM cannot take part directly in the seesaw mechanism [7] [8] [9] [10] [11] . If the sterile neutrino is the DM, it would decay into gamma rays and active neutrino. On the other hands, the option with the singlet scalar being DM is also limited due to its mixing with the Higgs which leads to the shorter lifetime. To avoid such pitfalls, one can instead utilise the heavy neutrinos or the singlet scalar field as a mediator to connect with dark sector [6, 12] . In this paper, we are interested in exploring the possibilities of connecting DM to the inverse seesaw model. In particular, we will consider the model in which the Dirac mass for the additional sterile neutrinos M D is explained by the dynamic of a scalar field mediator. The mediator is then connected to the fermionic dark sector via scalar and pseudo scalar coupling. The paper is organised as follows. First we provide the set up of the model in Sec. II. In this section, the inverse seesaw mechanism where the lightest neutrino being identified with the SM active neutrino is described. The neutrino couplings are derived and the scalar mediator mixing with Higgs is investigated. Phenomenology and the constraints on the model is present in Sec. III. The invisible Z boson decay is discussed. The indirect detection via gamma ray and neutrino telescope is investigated. Then the direct detection via nucleon scattering is studied. The scan of all parameter space of the model subject to constraints is shown in Sec. IV. We finally conclude in Sec. V.
II. THE MODEL
In order to construct the model with the inverse seesaw mechanism, we extend the SM by adding 2 additional fermions: the right-handed N 1 and the left-handed N 2 . We also add an electroweak singlet scalar Φ whose vacuum expectation value (vev) is responsible for the Dirac mass for the new fermions. In addition to the SM gauge groups, the Z 2 discrete symmetry where all the SM fields are even is imposed, see Tab. I.
In neutrino sector and the scalar sector are
where
In the above equations we have H = iσ 2 H * and ψ c = Cψ T , µ N is Majorana mass of the heavy neutrino. Note the µ N term would violate the Z 2 symmetry. Thus we expect it to be small. Moreover, the smallness of µ N is technically natural by 't Hooft's naturalness principle. Lastly we can extend our model such that small µ N is generated in similar fashion to models considered in [2, 13] . This model is quite different than the recent study of [6] where the dynamic part of the inverse seesaw is in the Majorona term. The potential in Eq. (3) admits non-trivial vacuum expectation values (vev) for the two scalar fields. We can expand both H and Φ around their vev as
where w + and z are the would be Goldstone bosons eaten by the W + and Z gauge bosons. Thus we see that the scalar sector contains two real degrees of freedom, denoted by h and φ .
Due to the scalar mixing with the Higgs, massive N 1 , N 2 and φ are not stable and hence cannot be a good DM candidate. We assume that DM resides in a separated sector which is connected to our sector by the scalar Φ. We will further assume for simplicity that DM is a fermion. Thus Lagrangian for DM is given by
where G is a coupling andG is a pseudo-scalar coupling. Note that this dark sector contains the CP-violation which will be mediated to the neutrino sector.
A. Neutrino mass
Neutrino masses arise from the Yukawa interactions in Eq. (1)
where we used the fact that
The Lagrangian for neutrino sector becomes the mass matrix under the basis
We can diagonalize the mass matrix by an
where ψ iR 's are the mass eigenstates. Without loss of generality, we take m ψ1 < m ψ2 < m ψ3 . That is, ψ 1R is the observed light neutrino. To the lowest non-trivial order in µ, we have
Notice in the limit µ → 0, m ψ1 → 0 and m ψ2 = m ψ3 .
As an illustrative example, the smallest eigenvalue in the case y = g = 0.1 is shown in Fig. 1 .
B. Neutrino couplings
First we consider the neutrino Yukawa couplings. In the interaction basis we have Introducing Majorana field Ψ = Ψ R + Ψ c R , the above interaction can be written as
(12) Note in the above equation, h and φ are not in the mass basis. They can be rotated to the mass basis by an orthogonal rotation, see Eq. (16). Now we consider the couplings of neutrino with gauge bosons. They arise from the kinetic term of the lepton doublet, ,
where c θ W (s θ W ) is the cosine (sine) of the Weinberg angle, σ ± = (σ 1 ± iσ 2 )/2 and σ i 's are the Pauli matrices. In term of physical basis, we have
C. Scalar Mixing
Due to the scalar potential in Eq. (3), the field h and φ are allowed to mix. The mass matrix, in the basis (h , φ ) is
We can diagonalize the mass matrix by an orthogonal rotation to the physical basis
where the mixing angle is determined by
The masses of the two physical states are
The mixing angle θ is constrained by the LHC 125 GeV Higgs measurements. So far, the measurements have been consistent with the SM predictions [14] [15] [16] . Thus we expect the mixing angle θ to be small.
Finally, for later conveniences, we give expressions for the parameters in the scalar potential in terms of physical masses, vevs and mixing angle
D. Dark Matter
The coupling of Φ with χ in Eq. (5) gives extra contributions to the DM mass, m χ . This can be seen by making a chiral rotation
where α =
After chiral rotation, the mass of χ is
The interaction Lagrangian becomes
Notice that if M = 0 the interaction Lagrangian would contain no pseudoscalar coupling after the chiral transformation. Where the limit v φ = 0 leads to no change in the Lagrangian.
III. PHENOMENOLOGY A. Invisible decay of Z
The mixing between the neutrinos impacts the coupling of light neutrinos to Z boson, see Eq. (14) . This results in a modification to the partial decay width of the Z boson into neutrinos. The invisible decay width of the Z boson has been measured very precisely, Γ exp inv = 499.0 ± 1.5 MeV, while the SM prediction is Γ SM inv = 501.66 ± 0.05 MeV [17] . If we assume only Z → ψ 1 ψ 1 is kinematically allowed, we would get
This places a 2σ limit on R 11 as 
It translates, in terms of Lagrangian parameters, to the bound
To get a feel for this constraint, let's take v = 246 GeV and v φ = 1000 GeV, we get y/g 0.43.
B. 125 GeV Higgs Data
The mixing angle θ changes the coupling of the 125 GeV Higgs boson to other SM particles. These couplings have been measured to about 10% accuracy at the LHC. All the measurements can be parametrize in term of a coupling strength modifier
where i indicates the production cross-section channel of the 125 Higgs boson, j indicates the branching ratio channel. Using both LHC Run 1 [14] and Run 2 [15, 16] data, we deduce the overall best fit value for µ = 1.09 ± 0.07. In our model, all the Higgs measurements are modified by the mixing angle, cos θ. Thus the predicted value of µ isμ = cos 4 θ. Therefore, consistency with the Higgs data requires | cos θ| ≥ 0.9931 at 95% confidence levels.
C. Indirect detection
DM χ can self-annihilate through their interaction with Φ, see Eq. (5). We give explicit expressions for all the 2-2 annihilation channels of χ in App. A. From there, we see that the annihilations into the SM gauge bosons and fermions are suppressed by the scalar mixing angle. Thus the main annihilation channels for χ are χχ → φφ, φh, hh and χχ → ψψ. The annihilation into neutrino can be look for at neutrino telescopes such as IceCUBE [18] . For annihilations into h and φ, they can subsequently decays into photons which can be look for with gamma ray telescopes such as Fermi-LAT [19] .
Gamma ray
The gamma ray flux produced from DM annihilation is given by
where i runs over different scalar annihilation channels, j runs over different SM final states, Br ij is the branching ratio from initial state i into SM final state j, and dNj dEγ
gives the gamma ray spectrum from the SM particle j. R sc = 8.5 kpc and ρ sc are normalization constants introduced to make J dimensionless. Here, R sc is the distance between the Sun and Milky way's center, ρ sc is the DM density at position of the Sun. The J factor is the typical average line of sight integral over the DM halo
where x = R 2 sc − 2lR sc cos θ + l 2 is the distance from the galactic center to the position along the line of sight and l max = R 2 halo − R 2 sc sin 2 θ + R sc cos θ is the distance along the line of sight to the edge of the galaxy. The integral over the line of sight gives the value of J = 3.34 for the NFW profile and J = 1.60 for the Burkert profile.
In our analysis, we use the NFW profile. One can easily translate our result to other DM profile by an appropriate rescaling of the J factor. The gamma ray spectrum coming from the chargedparticle final states can be obtained through computer simulations. Since we only need a ballpark estimation in order to obtain the constraint, the spectrum is assumed to have a power-law relation. However, in our case, the SM particles j = b, t, u, W ± /Z are produced from the subsequent decay of scalar particles χχ → φφ, hh, φh → jjj j . In the rest frame of the scalar φ, (or h), the 4-momentum of the final state particle are isotropically distributed. Boosting back to the DM center of mass frame, the energy of the final states E j ranges between
Averaging all possible direction, the differential probability of finding the SM particle with energy E j is
Finally, the gamma ray spectrum in the center of mass frame of the annihilating DM can be written as
where (a j , b j ) are power law parameter which its value can be obtained from the simulation [20, 21] . The values of the parameters are shown to be Although sterile neutrinos are unstable and subsequently decay into SMSM particle via off-shell φ, such decay involves 3-particle final states where at least one of them is neutrino, φ → ν + SM + SM. Similarly, the 2 Higgs final states subsequently decay into multiple SM particles. The electromagnetic showering energy from these channels are therefore assumed to be subdominant and irrelevant to our study. We will further approximate that for each mass range of the scalar particle, the decay is 100% into the largest contribution to the decay width. Therefore, the power spectrum is chosen according to the final states as shown below: where the value of the flux can be seen to only vary less than an order of magnitude.
However, due to the high tail behaviour of the excess from Fermi telescope, the flux from DM annihilation cannot possibly explain all bins of the excess. Some part of the energy range might originate from other astrophysical sources. In this project we will use the excess as the upper limit on the model-generating flux.
Neutrino telescope
The neutrino produced from DM annihilation carries a definite energy depending on the decay channel
where we have used ν ≡ ψ 1 for the lightest neutrino. The flux is therefore written as
where we have focussed on the electron-neutrino flux only. The 1/3 factor in the above equation arises from our assumption that ν at production and neutrino oscillation along the way from the production point to Earth result in equal ratio for each neutrino flavor.
In our analysis, we have reinterpret the IceCUBE data for DM search in our scenario. It turns out our neutrino fluxes are well below the IceCUBE limit.
D. Direct detection
In the direct detection experiment, the momentum exchanged between DM and nucleon is typically much smaller than the mass of the scalar mediator. Thus it is convenient to describe DM-nucleon interaction with an the effective operator. In our model, the effective operator for DM-nucleon interaction reads
where S q is the scalar current representing the interaction between the mediator and the quarks inside the nucleon. In the case that the momentum exchanged are smaller than the heavy quarks, the scalar current is given by
where the gluonic term arises from integrating out the heavy quarks. In the case of heavy DM (m χ ≥ 1 TeV), the momentum exchanged can be comparable to the charm mass. For such a case, one need to take into account the charm mass threshold effect. However, we will ignore the charm mass effect in the rest of this work. The amplitude for DM-nucleon scattering depends on the S q nucleon matrix elements. They are conventionally parametized in terms of the quark and the gluonic form factors [22] 
The gluonic form factor is related to the quark form factors by the QCD trace anomaly in the heavy quark limit [23] f (N )
Thus the nucleon matrix element of the scalar current is
For numerical analysis, we take the strange quark form factor to be f
T s = 0.043 ± 0.011 [24] . We extract the up and the down quark form factors from the pionnucleon sigma term, σ πN , using the relations provided by Ref. [25] . However, there is a discrepancy between the values of σ πN extracted from the scattering data using baryon chiral effective theory and the lattice computation. We follow Ref. [26] and conservatively taking σ πN = 50 ± 15 MeV. Thus we determine the u and d quark form factors to be
Thus we see that, to a good approximation, the nucleon matrix elements, Eq. (40), for the proton and the neutron are the same p|S|p n|S|n . Armed with the DM-nucleon matrix element, we determine the spin-average DM-nucleon scattering amplitude squared, in the zero momentum transferred limit, to be
Finally, we determine the DM-nucleon scattering crosssection to be
(43) The current upper limit is reported by XENON1T collaboration [27] .
IV. RESULTS
We approach the phenomenology of the model by scanning parameters space subjected to all constraints. We first consider the mass scale from the following random sets
. (44) Then we calculate the couplings in scalar sector using Eq. (21) . Demanding that all couplings are perturbative, we apply the constraints on λ φ , λ h , λ φh < √ 4π. The next step in generating a set of parameters is to consider the neutrino sector. The set of parameters (y N , g) is generated from the following range: The constraint on Z invisible decay width from Eq. (27) is then applied to the parameter set. Finally, the rest of parameters are chosen as follows
After we obtain the complete set of model parameters space, the mass spectrum of the theory is then calculated from Eq. (8), (18), (23) . The DM annihilation cross sections are computed using the expression given in App. A. Then the neutrino mass limit is applied (m ν < 0.2 eV). Next we use Eq. (29) to produce gamma ray flux for each point of the set. Then we impose the excess reported by Fermi-LAT collaboration as the upper limit for the flux from DM annihilation [19] . Note that from Fig. 3 , the gamma ray constraint have a clear impact on annihilation cross section into two Higgs final states as expected since the branching ratio of the scalar mediator to the SM particles is often found too small.
The total DM annihilation cross-section of the remaining parameter points are shown in Fig. 4 where the thermal relic density σv total = 2.5 × 10 −26 cm 3 /s is shown as the red line. To prevent the universe from being over closed, we impose the constraint σv total > 2.5 × 10 −26 cm 3 /s. Finally, we calculate the DM-nucleon scattering cross section on the remaining parameter points using Eq. 43. In Fig. 5 , the result is shown together with the upper limit reported by XENON1T collaboration.
V. SUMMARY AND OUTLOOK
In this work, we consider a class of models in which the neutrino mass can be explained by the inverse seesaw mechanism. The smallness of the active neutrino mass is achieved through the dynamical Majorana mass of 2 additional sterile neutrinos. The extra scalar field is connected to the DM sector giving a strong connection between neutrino and DM. We have identified the viable parameter space of the model consistent with constraint from light neutrino mass limit, the invisible Z decay width, the 125 GeV Higgs measurements and the Fermi gamma ray excess. We find that the Fermi gamma ray excess places a strong constrain on the DM annihilation to a pair of Higgs bosons. However, a large chunk of parameter space remains still open as can be seen in Fig. 5 . These part of parameter space could be probe by the next generation of direct and indirect detection experiments. It is interesting to study the sensitivities of the upcoming direct detection experiments such as LZ and XENONnT, as well as indirect detection experiment such at CTA on this model. We leave such study for possible future work.
Finally, we want to remark that our model is not yet fully realistic in the sense that it only contains 1 massive light neutrino. However, one can easily extend the model by introducing additional pair of sterile neutrino. We do not expect it will have a significantly impact DM phenomenology studied in this paper.
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